In yeast, the Atg2-Atg18 complex regulates Atg9 recycling from phagophore assembly site during autophagy; their function in higher eukaryotes remains largely unknown. In a targeted screening in Drosophila melanogaster, we show that Mef2-GAL4-RNAi-mediated knockdown of Atg2, Atg9 or Atg18 in the heart and indirect flight muscles led to shortened healthspan (declined locomotive function) and lifespan. These flies displayed an accelerated age-dependent loss of cardiac function along with cardiac hypertrophy (increased heart tube wall thickness) and structural abnormality (distortion of the lumen surface). Using the Mef2-GAL4-MitoTimer mitochondrial reporter system and transmission electron microscopy, we observed significant elongation of mitochondria and reduced number of lysosome-targeted autophagosomes containing mitochondria in the heart tube but exaggerated mitochondrial fragmentation and reduced mitochondrial density in indirect flight muscles. These findings provide the first direct evidence of the importance of Atg2-Atg18/Atg9 autophagy complex in the maintenance of mitochondrial integrity and, regulation of heart and muscle functions in Drosophila, raising the possibility of augmenting Atg2-Atg18/Atg9 activity in promoting mitochondrial health and, muscle and heart function.
Introduction
Macroautophagy, a bulk degradation process for cellular components and organelles, is a cell survival mechanism under nutrient-deficient conditions [1] [2] [3] [4] . It is a conserved process that involves sequestering cytotoxic protein aggregates, senescent organelles and other cellular debris into double-membrane vesicles, which then fuse with lysosomes for a complete degradation [5] [6] [7] . Although early work had described autophagy as a non-specific homeostatic cellular process, recent studies have demonstrated selective autophagic targeting and degradation of organelles, such as mitochondria and endoplasmic reticulum (ER) [8] . Genetic screenings in yeast have identified many autophagy-related genes (Atgs), with the majority being conserved from yeast to mammals [9] . Generally, autophagy involves: 1) induction/nucleation; 2) expansion; and 3) maturation [10] with five corecomplexes involved: the Atg1/Ulk1 protein-kinase complex, the Atg9.Atg2-Atg18 complex, the Vps34-Atg6/Beclin1 class III phosphoinositide 3-kinase (PI-kinase) complex, the Atg12 and Atg8/LC3 conjugation systems [11] .
The functional importance of autophagy in mammals is best demonstrated in its role in maintaining cardiac homeostasis since disruption of this pathway leads to deleterious effects [12, 13] and in the association of abnormal autophagy with various cardiovascular diseases, such as cardiac hypertrophy and heart failure [14, 15] . For instance, Danon disease, a lethal cardiomyopathy, results from a deficiency of a principal lysosomal membrane protein lysosome-associated membrane protein-2 (LAMP2) [12] . Mice with cardiac-specific deficiency of Atg5, a key regulator of autophagy, have mitochondrial misalignment and aggregation in cardiac myocytes and develop heart failure with aging [13, 16] . In a recent study, the ablation of myeloid https://doi.org/10.1016/j.yjmcc.2018.12.006 Received 15 January 2018; Received in revised form 12 November 2018; Accepted 15 December 2018 cell leukemia-1 (Mcl-1, an anti-apoptotic Bcl-2 protein) in the adult heart in mice led to accumulation of dysfunctional mitochondria, impaired autophagy and rapid development of heart failure. Autophagy has also shown to be critical for normal skeletal muscle structure and function. Skeletal muscle-specific deletion of an essential autophagy gene, Atg7, resulted in accelerated age-dependent muscle atrophy and weakness along with accumulation of abnormal mitochondria measure redox status [17] . Interestingly, autophagy mediated by Atg7 has also been shown to protect mitochondria during physical activity [18] . These findings clearly demonstrate the importance of autophagy in maintaining normal muscle and heart functions, indicating a role in clearance of damaged/dysfunctional mitochondria. There has not been a study with systemic delineation of autophagy genes in an animal model.
Although the linear heart tube and indirect flight muscle (IFM) in Drosophila are less complex than the mammalian heart and skeletal muscle, the developmental process and control of function are highly conserved between Drosophila and human. Drosophila has been demonstrated to be a great model to study various human cardiac and skeletal muscle diseases with great feasibility of genetic interrogation [19] [20] [21] . In addition, we have recently developed a reporter gene, pMitoTimer, which encodes a mitochondrial targeted discosoma sp. red fluorescent protein (DsRed) mutant that fluoresce like the green fluorescent protein (GFP) when newly synthesized and irreversibly shifts to DsRed when oxidized [22] . We have generated inducible UAS-MitoTimer transgenic fly and demonstrated that we could measure Red:-Green ratio of the MitoTimer signal as a parameter of mitochondrial oxidative stress and detect pure red puncta in the tissue of interest, which has been confirmed to be mitophagosome targeted by lysosome [22] , hence allowing quantification of mitophagy. Therefore, we can quantify mitochondrial oxidative stress, structure and mitophagy in any tissue in vivo, including the heart and IFM [22] .
To systemically investigate the role of autophagy in mitochondrial health and muscle and heart function, we took advantage of this reporter system and RNAi-mediated knockdown of Atgs in Drosophila heart and IFM and selectively screened for Atgs, of which knockdown leads to shortened lifespan with progressive decline of locomotive and cardiac function. Importantly, the UAS-MitoTimer reporter system allowed us to focus on mitochondria in these tissues when each of the genes was silenced. Our findings have for the first time demonstrated the important role of the Atg9•Atg2-Atg18 complex in maintaining mitochondrial structural integrity and muscle function in both heart and IFM, laying a solid foundation to pharmacologically target these genes to protect function in aging heart and skeletal muscle.
Results

2.
1. Knockdown of Atg2, Atg9 or Atg18 in muscle and heart leads to impaired negative geotaxis and a short lifespan To ascertain which autophagy genes are critical for mitochondrial health in muscle and heart and determine their functional role in function and lifespan, we screened 12 autophagy RNAi lines for 9 Atgs (Table 1) by crossing with the combined line of Mef2-Gal4 > > UASMitoTimer. Following an initial screening, only Atg2i (Mef2 > > MitoTimer/UAS-Atg2 RNAi), Atg9i (Mef2 > > MitoTimer/UAS-Atg9 RNAi) and Atg18i (Mef2 > > MitoTimer/UAS-Atg18 RNAi) showed clear signs of altered mitochondrial structure measured by the morphology of MitoTimer fluorescence as well as reduced mitophagy as indicated by reduced number of MitoTimer pure red puncta in the heart tube at 40 days of age (Table 1) . To ensure the efficacy of gene knockdown, we tested 3 RNAi lines by crossing them with GS-Tub5GS-Gal4 and Mef2-Gal4 line followed by analysis of mRNA expression in the whole body and in the heart, respectively, by quantitative RT-PCR. All 3 Mef2-Gal4 knockdown lines showed significant reduction in the target gene expression although the data from Atg9i line was quite variable (Fig. 1A) . Similar findings were obtained in the whole-body knockdown flies (Supplemental Fig. S1 ). These data confirmed reliable RNAi-mediated knockdown for Atg2 with less consistent result for Atg9. Since previous yeast studies have shown that Atg2, Atg9 and Atg18 function in a complex that is critical for the formation of autophagosome [23, 24] , we chose to focus on these genes and conduct comprehensive analyses to ascertain their functional role in mitophagy, mitochondrial health, muscle and cardiac function as well as in functional aging and lifespan.
Atg2i, Atg9i and Atg18i flies were short lived. Specifically, median survival of Atg2i or Atg18i flies were significantly reduced compared to wild type flies for both genders, while flies showed a similar trend (Fig. 1B and Table 2 ). Pairwise log-rank analysis showed significant differences for all 3 knockdown lines compared to wild-type flies. Since Mef2 is expressed in both cardiac and IFM, we used TinC-GAL4 and Act5C88F-GAL4 to knockdown these Atgs specifically in the heart and IFM, respectively. Interestingly, both cardiac-specific Atg2i and Atg18i flies had significantly reduced median survival compared to WT flies, but only IFM-specific Atg2i flies showed significantly reduced lifespan by log-rank (Supplemental Fig. S2 and Supplemental Table 1 ), suggesting that the heart is more vulnerable to the impairment of autophagy. Consistent with Mef2-mediated knockdown, Atg9i flies showed a trend. Again, pairwise log-rank analysis showed significant differences for both cardiac-specific and IFM-specific knockdown flies except for IFM-specific Atg9i line. To investigate the impact of Atg2i, Atg9i or Atg18i on muscle function, we performed negative geotaxis test across the lifespan. Both male and female Atg2i flies showed significantly reduced negative geotaxis across the whole lifespan (Fig. 1C) . Male, but not female, Atg18i flies had significantly impaired negative geotaxis compared to WT flies, while Atg9i flies (both genders) showed no significant impairment. Thus, Atg2i flies have greater impairment of locomotive function than Atg18i and Atg9i flies. These findings demonstrate for the first time the importance of Atg2, Atg9 and Atg18 in maintaining normal muscle and cardiac function and lifespan in Drosophila.
Knockdown of Atg2, Atg18 or Atg9 causes cardiac hypertrophy
Autophagy in the heart is critical for protein quality control, cellular function and survival [13] , and inhibition of autophagy, such as deletion of the Atg5 gene, has been shown to lead to progressive cardiac hypertrophy and heart failure [13, 16] . To dissect the role of Atg2, Atg9 and Atg18 in the heart, we assessed cardiac function in Atg2i, Atg18i or Atg9i flies using Mef2 > MitoTimer/+ as wild type control (WT) by video-based cardiac function analysis (systolic dimension, diastolic dimension and fractional shortening) [25, 26] . In young and middle-aged flies (5-day and 20-day, respectively), knockdown of these Atg genes did not show any significant impact on cardiac function compared with WT flies. However, old (40-days) Atg2i and Atg18i flies showed significantly reduced fractional shortening (29.5 ± 1.3% and 29.8 ± 1.1% for Atg2i and Atg18i flies, respectively, with p < .05 for both vs. 37.2 ± 1.9% for WT) (~20% reduction) with a trend of reduction for Atg9i flies (33.0 ± 3.5%) ( Fig. 2A and B, Supplemental Fig. S3A and B). Video imaging analysis showed thicker heart wall in all 3 Atg knockdown flies even at 20 days of age (Fig. 2C, Supplemental Fig.  S3C ). To examine the cardiac structure in more details, HE staining and histological analysis were performed for the heart longitudinal and transverse sections. All 3 Atg knockdown flies (40-day old) showed significant increases of the heart wall thickness compared with WT flies (17.8 ± 2.1 μm, 15.1 ± 0.3, 20.0 ± 1.0, in Atg2i, Atg9i and Atg18i flies with p < .001, 0.01 and 0.001, respectively, vs. 9 ± 0.5 in WT flies) ( Fig. 2D and E). The heart tube of WT flies showed relatively smooth lumen surface, while Atg knockdown flies showed various degree of distortion, making the lumen surface rough, with Atg2i and Atg18i being the most severe (Fig. 2D ). These results demonstrate that knocking down Atg2i, Atg18i or Atg9i promotes cardiac hypertrophy and structural abnormalities, leading to impaired cardiac function in an age-dependent manner.
Knockdown of Atg2, Atg18 or Atg9 in the heart leads to exaggerated mitochondrial elongation
Autophagy is important for structural integrity and function of mitochondria in the heart as genetic deletion of the Atg5 gene results in significant mitochondrial fragmentation and heart failure in mice [13, 16] . Here, we investigated mitochondrial structure, oxidative stress and mitophagy in Atg2i, Atg18i and Atg9i flies in the background of newly established UAS-MitoTimer transgenic flies [22] . The Red/Green ratio of MitoTimer fluorescent signals indicates mitochondrial oxidative stress, while the pure red puncta represents mitochondria in autophagosome targeted by lysosome (mitophagolysosme). Forty days after eclosion, all Atg knockdown flies showed fused/enlarged mitochondrial network with significantly increased occupancy of mitochondria per unit cardiac myocyte area (mitochondrial volume density) (Fig. 3A, B and Supplemental Fig. S4B ). However, the number of pure red puncta was significantly decreased compared with WT flies with no significant increases in Red/Green ratio, suggesting reduced mitophagy and no change in mitochondrial oxidative stress, respectively (Fig. 3C) . At young age (20-day old), the mitochondrial network in all knockdown flies was more like WT flies (Supplemental Fig. S4A ), indicating agedependent loss of function. Transmission electron microscopy revealed abnormally elongated but narrowed mitochondria in cardiomyocytes compared with WT flies (Fig. 3D and Supplemental Fig. S4C ). Moreover, real-time PCR of Drp1 and Mfn2 in 3 knockdown flies demonstrated that both genes were significantly decreased in Atg2i and Atg18i knockdown flies, but not in Atg9i flies (Fig. 3E and F) , consistent with the findings of impaired mitochondrial dynamics. Finally, real-time PCR analysis of the Drosophila PGC-1 family homolog, spargel, in the hearts of Atg2i, Atg9i or Atg18i flies did not show significant changes from the WT flies (Fig. 3G) , suggesting that the increased mitochondrial volume density is not due to increased mitochondrial biogenesis. However, the precise underlying mechanism remains to be ascertained in the future. Nevertheless, these data may suggest that Atg2, Atg18 and Atg9 are all important for maintaining mitochondrial structural integrity, and a lack of one of these autophagy genes may impair mitochondrial dynamics and reduce mitophagy in cardiomyocytes. Although we have not measured mitochondrial respiratory function directly, the phenotypic changes are consistent with impaired mitochondrial function in the heart.
Knockdown of Atg2, Atg18 or Atg9 in IFM leads to mitochondrial abnormalities and reduced mitochondrial density
Since Mef2-GAL4-RNAi-mediated knockdown also reduces the expression of the target gene in IFM, we dissected IFM and visualized MitoTimer signal by fluorescence microscopy. Interestingly, all 3 Atg knockdown flies showed increased fragmentation and reduced mitochondrial density in IFM ( Fig. 4A and B) . Among the Atg knockdown flies, Atg2i flies showed the most severely damaged mitochondrial network (enlarged or hollow mitochondria) with significantly variable mitochondrial sizes, which is very similar to Parkin knockdown flies, and Atg9i showed the least changes (Fig.4A) . These findings are consistent with the finding that Atg2i flies had the most impaired negative geotaxis among Atg2, Atg9 and Atg18 knockdown flies (Fig. 1C) and only IMF-specific Atg2i showed significantly reduced lifespan parameters (Supplemental Fig. S2) . Again, the phenotypic changes we observed are consistent with impaired mitochondrial function despite the fact that we have not measured mitochondrial respiratory function directly.
Discussion
In this study, we took advantage of RNAi-mediated knockdown and mitochondrial reporter gene technology in Drosophila heart and IMF in a targeted screening for Atg genes with functional role in mitochondrial homeostasis and muscle and cardiac function. Our initial screening showed the functional importance of Atg2, Atg18 and Atg9 in mitochondrial integrity in the heart and lifespan. We then focused on the autophagy complex that is composed of Atg2, Atg18 and Atg9 with essential function in autophagosome formation [23, 24] and obtained evidence that this complex is critical for mitochondrial structural homeostasis in both heart and indirect flight muscle and plays a key role in normal muscle and cardiac function and lifespan in Drosophila. These findings are consistent with previous findings of reduced Atg2 and Atg18 gene expression in neuronal tissues with aging [27] , altogether suggesting that the Atg9•Atg2-Atg18 complex in muscle and heart plays a pivotal role in health and aging.
The Atg9•Atg2-Atg18 complex is comprised of Atg9/mAtg9, Atg2, and Atg18/WIPI-1 (please see review [11] ). Atg9 is the sole transmembrane protein integrated into Golgi derived vesicles [24, 28, 29] . The roles of Atg9 have been investigated in yeast [30] , Drosophila Fig. 1 . Knockdown of Atg2 or Atg18 in both IMF and heart leads to shortened lifespan and reduced locomotor function across the lifespan. Atg2, Atg9, Atg18 mRNA expression in the heart tube and survival and negative geotaxis were measured in Atg2i, Atg9i and Atg18i flies compared with WT flies across the lifespan. A) One-step SYBR Green-based quantitative RT-PCR analysis of 60 isolated heart tubes. The relative gene expression from an average of three biological replications are normalized to WT (Mef2-Gal4 > yw), and significance was determined via an unpaired t-test. B) Survival curve for male and female Atg2i, Atg9i, Atg18i and WT flies; and C) Negative geotaxis score for male and female Atg2i, Atg9i, Atg18i and WT flies. * and ** denote p < 0.05 and p < 0.01, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) [31, 32] and mammals [33] [34] [35] (25) (26) (27) . In mammalian cells, Atg9 appears to be recruited to damaged mitochondria during selective autophagic degradations [36] . In Saccharomyces cerevisiae, preautophagosome structure (PAS, phagophore assembly site) provides the structural framework for autophagosome formation. Atg2 and Atg18 form a complex and are interdependently localized to the PAS afterward, which is essential for autophagy [37, 38] . In fact, the Atg2-Atg18 complex may regulate Atg9 recycling from PAS during autophagy in yeast [37, 39] . However, the function of this complex in higher eukaryotes remains unclear.
The Atg9•Atg2-Atg18 complex is required for PAS assembly and is a downstream element of Atg1/ULK1 protein-kinase complex [11, 37] [40]. In our screening, we focused on Atg genes with functional roles in mitochondrial homeostasis. Deficiency of Atg9•Atg2-Atg18 complex showed the most obvious and interesting phenotype, while knockdown of other Atg genes, like Atg1i and Atg6i, did not show significant mitochondrial changes compared with wild type control flies. These findings suggest that the Atg9•Atg2-Atg18 complex plays a particularly important role in mitochondrial integrity. It is of note that among Atg2i, Atg18i and Atg9i knockdown flies, Atg9i demonstrated the weakest phenotypic changes in all the parameters that we measured, including lifespan, negative geotaxis, and Drp1 and Mfn2 mRNA levels. These findings are consistent with the results of more variable knockdown of the Atg9 gene in both tissue-specific and whole-body knockdown lines. We interpret the findings as a reflection of the fact that Atg9i line did not have efficient knockdown of the gene; however, we cannot completely exclude the possibility that Atg9 is relatively less important comparing to Atg2 and Atg18. Previous studies have shown that effective targeting of Atg2 to the PAS can compensate for loss of Atg18 function in autophagy [41] , suggesting more potent role of Atg2 in autophagy/mitophagy.
Reduced autophagy is associated with aging [42, 43] . In Drosophila, Atg2 and Atg18 gene expression decreases significantly by 3 weeks of age and remained suppressed thereafter, whereas over-expression of Atg8 in the nervous system extends lifespan [27] . In mice, conditional deletion of the Atg5 gene early in embryogenesis results in impaired cardiac function at 10 weeks of age [13] . These studies show the agedependent nature of autophagy function. Interestingly, we showed here that Atg2i, Atg9i or Atg18i flies didn't show significant impairment of cardiac function and mitochondrial structure until 40 days of age. It is conceivable that accumulation of dysfunctional organelles, such as mitochondria, and toxic proteins due to impaired autophagy in the cardiomyocytes leads to accelerated loss of cardiac function with aging.
We employed MitoTimer reporter flies in this study as we have previously shown that this model is particularly suitable for detecting mitochondrial oxidative stress and mitophagy in fly heart during aging or in response to mitochondrial respiratory chain inhibitor treatment [22] . Interestingly, in all three Atg knockdown hearts, the number of pure red puncta is significantly reduced concurrent with clear evidence of elongation of mitochondrial network, but no change in mitochondrial oxidative stress, compared with wild type control flies. The reduction of pure red puncta along with increased mitochondrial volume density in cardiomyocytes is consistent with reduced mitophagy as we did not detect changes in mRNA expression of spargel, the homolog of Fig. 2 . Knockdown of Atg2, Atg9 or Atg18 leads to age-dependent cardiac dysfunction and hypertrophy. Cardiac function was measured by video-based imaging analysis at 5, 20 and 40 days of age, and heart wall thickness and structure were measure by H&E staining of the heart tube at 40 days of age. A) Captured frames of video images of a fly heart tube at the second abdominal segment. White double head arrows indicate the diastolic and systolic dimensions of the heart tube. Red dots indicate the heart tube edges; B) Quantification of fractional shortening in Atg2i, Atg9i, Atg18i and WT flies (n = 11-15). * denotes p < 0.05; C) Representative light microscope images of 40-day old hearts at the second abdominal segment during a cardiac contraction cycle. Pseudo-red colour highlights the heart tube wall; D) H&E stained longitudinal and transverse sections show heart wall thickness. Arrows indicate where the wall thickness was measured. Scale bar = 20 μm; and E) Quantification of the heart wall thickness (n = 4-8). ** and *** denote p < 0.01 and p < 0.001, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) PGC1-alpha, the mammalian master regulator of mitochondrial biogenesis (Fig. 3G) . These morphological changes could potentially be due to knockdown of Atg genes-mediated reduction of mitophagy and compensatory mitochondrial fusion (Fig. 3A) . Elongation of mitochondria in the knockdown flies may also help explain why the knockdown flies have the same MitoTimer Red/Green ratio (mitochondrial oxidative stress) (Fig. 3C) as mitochondrial fusion helps to dilute the oxidative stress caused by the dysfunctional part of the Fig. 3 . Knockdown of Atg2, Atg18 or Atg9 leads to reduced mitophagy and mitochondrial abnormalities in cardiomyocytes. Confocal microscopy and transmission electron microscopy were performed for the heart tubes in Atg knockdown and WT control flies at 40 days of age. A) Representative images of MitoTimer signals (merged image of both GFP and DsRed channels) in cardiomyocyte for assessment of the structure of mitochondrial network and mitochondrial oxidative stress. B) Quantification of mitochondrial volume density (% occupancy of MitoTimer signal) in the A1 heart tube segment (n = [13] [14] [15] [16] [17] [18] [19] [20] . *** denotes p < 0.001; C) Quantification of Red:Green ratio and number of pure red puncta (n = 13-20). *** denotes p < 0.001; and D) Representative images of transmission electron micrographs. Scale bars = 1 μm; and E, F and G) RT-PCR analysis of Drp1, Mfn2 and Spargel mRNA in Atg2, Atg9, and Atg18 in the heart tubes of 60 knockdown flies (n = 3). *, ** and *** denote p < 0.05, p < 0.01 and p < 0.001, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) mitochondrial network. The morphological changes of the mitochondrial network observed by fluorescence microscopy and under the TEM support that inhibition of the Atg9•Atg2-Atg18 complex promotes mitochondrial fusion as a possible compensatory protection.
Surprisingly, all three Atg knockdown flies showed various degree of abnormal mitochondrial morphology concurrent with reduced mitochondrial volume density in IFM, which was opposite of what were observed in the heart. In particular, Atg2i flies showed fragmented mitochondria with great variability in size, very similar to Parkin knockdown flies (Fig. 4A) . Similar, but less severe mitochondrial morphological changes were found for Atg18i and Atg9i flies. These findings suggest that under the condition of autophagy inhibition IFM has normal/enhanced mitochondrial fission due to mitochondrial stress and damage. Therefore, the finding of reduced mitochondrial density could be due to a combination of mitochondrial fission and Atg2/Atg9/Atg18-indepdent mitophagy activity in IFM. Interestingly, previous studies show that by suppressing mitochondrial fusion in either IFM or heart, unhealthy mitochondria may be prevented from fusing with the normal ones and be rescued from mitochondrial dysfunction induced by Parkin deficiency [19, 21] . It is, however, questionable if inhibition of mitochondrial fusion would be beneficial as the Parkin deficiency flies may have normal mitophagy while our Atg knockdown flies have impaired mitophagy. Nevertheless, the findings in the heart and IFM strongly support the importance of the Atg9•Atg2-Atg18 complex in maintaining mitochondrial structural integrity and function in muscle and heart. In summary, we have found that 1) Atg2i or Atg18i leads to a short lifespan along with impaired negative geotaxis; 2) Atg2i, Atg18i or Atg9i in the heart leads to age-dependent hypertrophy and impaired cardiac function along with an accumulation of abnormally elongated mitochondria; and 3) Atg2i, Atg18i or Atg9i in indirect flight muscles results in significant mitochondrial fragmentation with reduced mitochondrial density. Our findings suggest that deficiency of Atg2, Atg9 or Atg18 inhibits mitophagy, subsequently leading to exaggerated accumulation of abnormal mitochondria and impaired function of the targeted tissues.
Material and methods
Fly strains and culture
The UAS-MitoTimer transgenic fly line was established using a commercial embryo injection facility (Genetic Services, Inc). Wild type (w1118), park RNAi (37509), GAL4-mef2, tincΔ4-GAL4, Atg1 Trip (26731) and Atg6 Trip (28060) fly lines were obtained from the Bloomington Drosophila Stock Center (Indiana University, IN). GSTub5GS-Gal4 is a generous gift from Dr. Scott Pletcher at University of Michigan. The p{tinC-GFP};p{tinC-GAL4} and act5C88F-Gal4 are gifts Autophagosome formation Impaired negative geotaxis at 25 days Flies were transferred to fresh medium and dead flies were scored every 2-3 days. Flies were maintained on a standard corn flour, yeast, and agar medium in a humidified, temperature-controlled incubator at 25°C on a 12:12-h light-dark cycle.
Negative geotaxis
A test vial is divided into eight octant of equal height of 1 cm. After flies were transfer to the test vials without anesthesia, the test tubes were sharply tapped down 5 times, and the climbing performance was recorded by a video camera. The picture frame at 10 s from the last tapping-down was analyzed. Flies that climb to the topmost segment receive a score of 8, flies in the next segment receive a 7, and so on. Negative geotaxis score was calculated as described previously [44] . To assess the impact of aging, we performed this test of each genotype every week throughout a period of 9 weeks. The same experiments were repeated two times at different periods of the year.
Video-based cardiac function analysis
Semi-intact Drosophila hearts were prepared as described by Ocorr et al. [25, 26] . Briefly, flies were anesthetized by Fly Nap (Carolina Biological Supply Co.) for 2-5 min, and then dissected in artificial hemolymph buffer at room temperature (~25°C). The surrounding fat and tissue were removed using a pulled glass capillary pipette. The heart beating was recorded for 10 s with a high-speed EM-CCD camera. Systolic (SD) and diastolic dimensions (DD) of the heart tube were measured from the movies using our custom-designed MATLAB-based algorithm. A timecourse of overall image brightness was generated for each movie, as described previously [45] . Then, the 'findpeaks' algorithm was used to identify minima and maxima in image brightness that corresponds to systole and diastole, respectively. The algorithm randomly selected three systolic and three diastolic images, from which SD and DD heart tube dimensions were quantified in a condition-blinded manner. Fractional shortening (FS) was calculated as (DD-SD)*100/DD.
Histological analysis
Fly heart wall thicknesses were measured as described by Yu et al. [46] . Forty-day old female flies (adults) were collected and fixed in Telly's fixation buffer (60% ethanol, 3.33% formalin, 4% glacial acetic acid) for 1 week at 4°C. The samples were embedded in paraffin after ethanol dehydration through sequential gradients and xylenes washes. Paraffin blocks were sectioned serially at 8-μm thickness in longitudinal or transverse orientation. Sections were rehydrated, stained with hematoxylin and eosin, and imaged using a microscope equipped with a digital camera. The heart wall thickness was measured by ImageJ software.
Confocal imaging of MitoTimer
The dissected adult fly hearts were fixed in 4% paraformaldehyde for 20 min at room temperature. Immediately following fixation, the hearts were whole mounted with 50% glycerol in PBS. Confocal images were obtained within abdominal segment A1 with a set of fixed acquisition parameters for both GFP (Ex/Em 448/518 nm) and DsRed (Ex/Em 558/583 nm) channels (Olympus Fluoview FV1000). The images per heart for analysis were 4-6 nm from the top section. The analysis of MitoTimer signals was previous described [22] . Briefly, positive pixels were thresholded at a value of 1.5 times the mean gray value of above background pixels for each channel. This made the threshold robust against differences in fiber size between images. Saturated pixels (gray level = 255) were removed from analysis. In addition, the pixels with red to green ratio of > 2.5 are removed for the ratiometric analysis. The ratio of red to green was calculated as a mean value of red to green ratio for all the remaining positive pixels in the image. The number of red dots in the images was calculated by counting areas with clusters of ≥5 pixels with high fluorescence signal (> 175) and a red to green ratio of > 2.5. The red dot counting was done on images including saturated pixels.
Transmission electron microscopy
We collected and placed fly abdomens in fixative buffer (3% paraformaldehyde, 2% glutaraldehyde, 100 mM sucrose, 100 mM sodium phosphate buffer, pH 7.2, 2 mM EGTA) at 4°C for overnight. After 45-min wash in 100 mM sodium phosphate buffer (pH 7.2), the hearts were dissected and treated with a post-fixative buffer (1.0% osmium, 100 mM sodium phosphate, pH 7.2) for 2 h at 4°C. Then samples were washed in distilled water for 45 min at 4°C followed by dehydration in increasing concentrations of ethanol. Finally, the samples were embedded in EPON after a sequential incubation in Acetone/EPON. The processing of the samples and image acquisition were performed according to the method describe previously [47] . Note: Male and female Atg knockdown and WT flies were aged at 25°C with 20-25 flies per tube containing normal fly food. Median survival was calculated as the time when 50% of the flies were alive. ⁎ denotes p < 0.001.
